The incorporation of Phosphorus into (Ga,Mn)As epilayers allows for the tuning of the magnetic easy axis from in-plane to perpendicular-to-plane without the need for a (Ga,In)As template. For perpendicular easy axis, using magneto-optical imaging a self-organized pattern of up-and downmagnetized domains is observed for the first time in a diluted magnetic semiconductor. Combining Kerr microscopy, magnetometry and ferromagnetic resonance spectroscopy, the exchange constant and the domain wall width parameter are obtained as a function of temperature. The former quantifies the effective Mn-Mn ferromagnetic interaction. The latter is a key parameter for domain wall dynamics. The comparison with results obtained for (Ga,Mn)As/(Ga,In)As reveals the improved quality of the (Ga,Mn)As 1−y P y layers regarding domain wall pinning, an increase of the domain wall width parameter and of the effective Mn-Mn spin coupling. However, at constant Mn doping, no significant increase of this coupling is found with increasing P concentration in the investigated range.
Diluted ferromagnetic (FM) (III,Mn)V semiconductors are the subject of intensive research in view of potential applications in the field of spintronics 1, 2 . Several proposals for magnetization manipulation using either light-induced magnetization switching between different magnetic easy axes 3, 4 or magnetic domain wall (DW) motion [5] [6] [7] [8] have emerged.
(Ga,Mn)As layers and microtracks with perpendicular magnetic anisotropy are well suited for the investigation of DW propagation. In such layers the intrinsic flow regime for fielddriven DW propagation was demonstrated for the first time in a diluted FM semiconductor 7 .
One of the properties of this versatile FM semiconductor is the strong dependence of its magnetic anisotropy on epitaxial strain 1, [9] [10] [11] . This dependence results from the carriermediated origin of the ferromagnetism. It arises from the competition between the Mninduced giant Zeeman splitting and the strain-induced splitting of the valence bands. Recently, it was shown that introducing a few percent of Phosphorus in substitution of Arsenic in (Ga,Mn)As layers grown on GaAs provides an efficient tuning of the epitaxial strain, from compressive to tensile, due to the smaller ionic radius of Phosphorus 12, 13 . As expected theoretically, the magnetic easy axis switches from in-plane to out-of-plane orientation upon increasing P concentration. This eliminates the need for a highly mismatched (Ga,In)As buffer layer for realizing out-of-plane anisotropy. This buffer layer was shown to introduce a cross-hatch pattern and emerging dislocations which are detrimental to the propagation of magnetic DWs 10,11 . (Ga,Mn)As 1−y P y films grown directly on a GaAs buffer are expected to contain much less defects. In addition to this structural advantage, (Ga,Mn)As 1−y P y films are appealing for two aspects 14 . Firstly, it is expected that the smaller lattice constant of (Ga,Mn)As 1−y P y will hinder Mn incorporation in interstitial sites, where Mn ions act as charge and magnetic moment compensating defects, thereby favoring higher carrier density than in (Ga,Mn)As. Secondly, it was predicted that the decrease of the lattice constant should also lead to an increase of the Mn-hole exchange integral J pd and hence of the Curie temperature. In turn, this should lead to an increase of the exchange constant A describing the effective exchange interaction between the Mn spins in the framework of the micromagnetic theory. The determination of A yields the DW width parameter defined as ∆ = A/K u , where K u is the uniaxial anisotropy constant. ∆ is a key parameter for DW dynamics 15 . The Walker velocity, i.e. the theoretical critical velocity at the crossover from the steady to the precessional flow regimes in the one-dimensional model, depends on ∆ as
, where γ is the electron gyromagnetic ratio and M s the magnetization.
Furthermore, in both the steady and precessional regimes, the DW mobility is proportional to ∆.
In FM layers with perpendicular easy axis one of the methods for the determination of the exchange constant A is based on domain theory, i.e. micromagnetic theory applied to self-organized magnetic domains [16] [17] [18] [19] . Self-organization of up-and down-magnetized domains in a periodic array results from the competition between the DW energy and the magnetic energy arising from long-range interaction between domains. Up to now, although an estimation of A could be obtained from the domain structure and hysteresis cycle in The samples were grown by molecular beam epitaxy on GaAs (001) substrates. Details can be found in Ref. [10, 13] . For (Ga,Mn)As 1−y P y samples, the Mn (P) concentration was estimated from a reference (Ga,Mn)As ((Ga,As)P) sample, grown under similar conditions, in particular a similar substrate temperature. However the determination of Mn and P concentrations is made difficult by the presence of an unknown concentration of interstitial Mn and As in antisites. In sample D, with no Phosphorus, the (Ga,Mn)As layer was grown in the traditional manner on a Ga 1−z In z As buffer layer (z=0.098) in order to achieve perpendicular anisotropy 10 . To improve M s , the Curie temperature T C and the carrier concentration the samples were annealed under N 2 atmosphere at 250
• C for 1 hour. For all samples the layer thickness is d = 50 nm.
The magnetic domain structure was investigated using polar magneto-optical Kerr (MOKE) microscopy at variable temperature 11 . The lateral spatial resolution is 0.9 µm.
The light wavelength is 600 (670) nm for the (Ga,Mn)AsP ((Ga,Mn)As) samples. The hysteresis cycle was obtained from the average intensity of MOKE images as a function of the applied field. The temperature dependence of the saturation magnetization M s (T ) and the Curie temperature T C were obtained from magnetometry using a superconductor quantum interference device (SQUID). The anisotropy constants were determined from ferromagnetic resonance (FMR) spectroscopy. The spectra were analysed using the Smit-Beljers equation and the minimization of the free energy for different alignments of the applied magnetic field 12, 20 . Table I is ≈0.5, revealing the fact that the incorporation of Mn in interstitial sites is not modified by alloying with Phosphorus.
The method employed to determine the exchange constant and the DW width parameter is based on domain theory for layers with perpendicular easy axis 16 . Self-organization of up-and down-magnetized domains in a periodic stripe array minimizes the total energy consisting of the Zeeman energy, the surface energy of the DWs and the stray field energy.
The stripe period p (in units of d) in the demagnetized state (zero applied field and zero average magnetization) satisfies the following equation 16 :
where χ is equal to 2nπ
is the anisotropy quality factor shown in Table I . Q is smaller in the P incorporated samples than in sample D due to the smaller K u and larger M s . λ c is Thiele's length defined as σ/µ 0 M We predict an increase of Walker velocity for the P incorporated samples, as shown in Fig. 5(b) . DW propagation experiments are needed to confirm these predictions.
As a conclusion, the novel ferromagnetic semiconductor (Ga,Mn)AsP is a very promising material for achieving FM layers with perpendicular easy axis. We have shown that the determination of the exchange constant and DW width parameter from domain theory is made more reliable than in (Ga,Mn)As owing to the self-organization of magnetic domains. This is made possible by the low density of DW pinning centers. 
